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Abstract
We report a measurement of CP asymmetry parameters in the b → cc¯d-transition-induced
decays B0(B¯0) → J/ψ pi0. The analysis is based on a 140 fb−1 data sample accumulated at the
Υ(4S) resonance by the Belle detector at the KEKB asymmetric-energy e+e− collider. We fully
reconstruct one neutral B meson in the J/ψ pi0 final state. The accompanying B meson flavor is
identified by its decay products. From the distribution of proper time intervals between the two B
decays, we obtain the following CP violation parameters:
SJ/ψpi0 = −0.72± 0.42(stat)± 0.08(syst)
AJ/ψpi0 = −0.01± 0.29(stat)± 0.07(syst).
PACS numbers:
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INTRODUCTION
In the standard model (SM), the Kobayashi-Maskawa (KM) quark-mixing matrix[1]
has an irreducible complex phase that gives rise to CP violation in weak interactions.
In particular, the SM predicts large CP -violating asymmetries in the time-dependent
rates of B0 and B¯0 decays into a common CP eigenstate fCP [2]. In the decay chain
Υ(4S) → B0B¯0 → fCPftag, where one of the B mesons decays at time tCP to a final
state fCP and the other decays at time ttag to a final state ftag that distinguishes between
B0 and B¯0, the decay rate has a time dependence given by [3]
P(∆t) = e
−|∆t|/τB0
4τB0
{
1 + q ·
[
SfCP sin(∆md∆t) +AfCP cos(∆md∆t)
]}
, (1)
where τB0 is the B
0 lifetime, ∆md is the mass difference between the two B
0 mass eigenstates,
∆t = tCP − ttag, and the b-flavor charge q = +1 (−1) when the tagging B meson is a B0
(B¯0). The CP -violating parameters SfCP and AfCP are given by
SfCP ≡
2Im(λ)
|λ|2 + 1 , AfCP ≡
|λ|2 − 1
|λ|2 + 1 , (2)
where λ is a complex parameter that depends on both the B0-B0 mixing and on the ampli-
tudes for B0 and B¯0 decay to fCP . To a good approximation in the SM, |λ| is equal to the
absolute value of the ratio of the B¯0 → fCP to B0 → fCP decay amplitudes.
CP violation in neutral B meson decays involving the b → cc¯s transition has been
established through measurements of the CP -violation parameter sin 2φ1 by the Belle [4]
and BaBar [5] collaborations. Here, the SM predicts SfCP = −ξf sin 2φ1, where ξf = +1(−1)
corresponds to CP -even (-odd) final states; and AfCP = 0 (or equivalently |λ| = 1) for both
b → ccs and the leading contributions to b → cc¯d (e.g. the tree diagram). Hence, for
fCP = J/ψ π
0, which is a CP -even final state, SJ/ψpi0 becomes − sin 2φ1 if the tree diagram
dominates.
If penguin contributions or other contributions are substantial, a precision measurement
of the time-dependent CP asymmetry in b → cc¯d may reveal values for SJ/ψpi0 and AJ/ψpi0
that differ from what is expected. Measurements of CP asymmetries in b→ cc¯d transition-
induced B decays such as B0 → J/ψ π0 thus play an important role in ascertaining whether
or not the KM model provides a complete description of CP violation in B decays.
A study of CP asymmetry in B0 → J/ψ π0 decays has been reported by the BaBar
collaboration[7]. In this paper we report a measurement of time-dependent CP violating
parameters in B0 → J/ψ π0 decays using the higher statistics data accumulated by the Belle
detector.
DATA SAMPLE AND EVENT SELECTION
The results presented here are based on a data sample of 140 fb−1 (corresponding to
15.2×107 BB¯ pairs) collected at the Υ(4S) resonance with the Belle detector [8] at the KEKB
asymmetric-energy e+e− (3.5 on 8 GeV) collider [9]. At KEKB, the Υ(4S) is produced with
a Lorentz boost of βγ = 0.425 nearly along the electron beamline (z). Since the B0 and B¯0
mesons are nearly at rest in the Υ(4S) center-of-mass system (cms), ∆t can be determined
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from the displacement in z between the fCP and ftag decay vertices: ∆t ≃ (zCP−ztag)/βγc ≡
∆z/βγc.
The Belle detector is a large-solid-angle magnetic spectrometer that consists of a three-
layer silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl ) crys-
tals (ECL) located inside a super-conducting solenoid coil that provides a 1.5-T magnetic
field. An iron flux-return located outside of the coil is instrumented to detect K0L mesons
and to identify muons (KLM). The detector is described in detail elsewhere [8].
Hadronic events are selected if they satisfy the following criteria: at least three recon-
structed charged tracks; a total reconstructed ECL energy in the center of mass (cms) frame
in the range between 0.1 and 0.8 times the total cms energy; an average ECL cluster energy
below 1 GeV; at least one ECL shower in the region −0.7 < cos θ < 0.9 in the laboratory
frame; a total visible energy, which is the sum of charged track momenta and total ECL
energy, exceeding 0.2 times the total cms energy; and a reconstructed primary vertex that
is consistent with the known interaction point. After the imposition of these requirements,
the efficiency for selecting B-meson pairs that include a J/ψ meson is estimated by Monte
Carlo (MC) simulation to be 99%. To suppress continuum events, we require the event
shape variable R2 to be less than 0.5, where R2 is the ratio of the second to the zeroth
Fox-Wolfram moment [10].
J/ψ mesons are reconstructed via their decay into oppositely charged lepton pairs (e+e−
or µ+µ−). Leptons are selected by starting with charged tracks satisfying |dz| < 5 cm, where
dz is the track’s closest approach to the interaction point along the beam direction. For
electron identification, the ratio between the charged track’s momentum and the associated
shower energy (E/p) is the most powerful discriminant. Other information including dE/dx,
the distance between the ECL shower and the extrapolated track, and the shower shape
are also used. Muons are identified by requiring an association between KLM hits and
an extrapolated track. Both lepton tracks must be positively identified as such. In the
e+e− mode, ECL clusters that are within 50 mrad of the track’s initial momentum vector
are included in the calculation of the invariant mass (Mee(γ)), in order to include photons
radiated from electrons/positrons. The invariant masses of e+e−(γ) and µ+µ− combinations
are required to fall in the ranges −0.15 < (MJ/ψ −Mee(γ)) < +0.036 GeV/c2 and −0.06 <
(MJ/ψ −Mµµ) < +0.036 GeV/c2, respectively. Here MJ/ψ denotes the world average of the
J/ψ mass [14].
Photon candidates are selected from clusters of up to 5×5 crystals in the ECL. Each
photon candidate is required to have no associated charged track, and a cluster shape that
is consistent with an electromagnetic shower. To select π0 → γγ decay candidates for the
B0 → J/ψ π0 mode, the energy of each photon is required to exceed 50 MeV (100 MeV)
in the ECL barrel (forward and backward endcap). π0’s are formed from photon pairs that
have an invariant mass in the range 0.118 to 0.15 GeV/c2.
J/ψ and π0 candidates are combined to select B candidates. The B candidate selection
is carried out using two observables in the rest frame of the Υ(4S) (cms): the beam-energy
constrained mass Mbc ≡
√
E2beam − (
∑
~pi)2 and the energy difference ∆E ≡ ∑Ei − Ebeam,
where Ebeam =
√
s/2 is the cms beam energy, and ~pi and Ei are the cms three-momenta and
energies of the B meson decay products. In this calculation, kinematic fits are performed
with (1) vertex and mass constraints for the J/ψ di-lepton decays and (2) mass constraint for
the π0 → γγ decays in order to improve the ∆E resolution. Candidate events are selected by
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requiring 5.270 < Mbc < 5.290 GeV/c
2 and −0.10 < ∆E < 0.05 GeV. The lower bound of
the ∆E requirement is determined in order to accommodate the negative ∆E tail that results
from shower leakage associated with the high-momentum π0. The number of reconstructed
B0 → J/ψ π0 candidates is 103. The ∆E and Mbc distributions for the candidate events
are shown in Fig, 1.
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FIG. 1: The ∆E(left) andMbc(right) distributions for B
0 → J/ψ pi0 candidates. The superimposed
curves show fitted contributions from signal (red two-dot-dash, plotted only in ∆E distribution),
B → J/ψX background (green dot-dash), combinatorial background (blue dash) and the sum of
all the contributions (black solid). See text for further details.
SIGNAL PROBABILITY
To assign an event-by-event signal probability for use in the maximum-likelihood fit to the
CP -violating parameters, we determine event distribution functions in the ∆E-Mbc plane
for both signal and background. The signal distribution is modeled with a two-dimensional
function which is Gaussian in Mbc and uses a Crystal Ball line shape [15] in ∆E. The shape
parameters of these functions are determined from MC simulation and held fixed in the
fit, while the overall signal yield is allowed to float. Backgrounds are studied using a large
sample of MC events along with events outside of the signal region. We split the backgrounds
into two categories, one being B decays having a J/ψ(B → J/ψX) and the other being
combinatorial background to which random combinations of particles in BB¯ decays and
continuum events contribute. According to MC study, the B → J/ψX background forms a
small peak in the Mbc projection. Therefore we parametrize this contribution with the sum
of a Gaussian and a phase-space like background function(ARGUS function) [16] in theMbc
direction and an exponential function for ∆E. The amount of this background contribution
is determined by MC [17]. For the combinatorial background, we use a linear function for
∆E and an ARGUS function for Mbc. The purity of the signal is estimated to be 86±10%
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FLAVOR TAGGING AND VERTEXING
Charged leptons, kaons, pions, and Λ baryons that are not associated with the recon-
structed B0 → J/ψ π0 decay are used to identify the b-flavor of the accompanying B meson,
denoted by ftag. Based on the measured properties of these tracks, two parameters, q and r,
are assigned to each event. The first, q, has the discrete value +1 (−1) when the tag-side B
meson is more likely to be a B0 (B¯0). The parameter r is an event-by-event MC-determined
flavor-tagging dilution factor that ranges from r = 0 for no flavor discrimination to r = 1
for an unambiguous flavor assignment. It is used only to sort data into six intervals of
r, according to the estimated flavor purity. The wrong-tag probabilities for each of these
intervals,wl (l = 1, 6), which are used in the final fit, are determined directly from the data
samples of B0 decays to exclusively reconstructed self-tagging channels. The difference of
the wrong-tag fractions between B0 and B¯0 are also determined from the same samples and
implemented as ∆wl(l = 1, 6) into the final fit. We obtain wl and ∆wl using time-dependent
B0-B¯0 mixing: (NOF −NSF)/(NOF +NSF) = (1− 2wl) cos(∆m∆t), where NOF and NSF are
the numbers of opposite (B0B¯0 → B0B¯0) and same (B0B¯0 → B0B0, B¯0B¯0) flavor events.
The wrong tag fractions for each r interval are given elsewhere [12].
The decay vertices of B0 mesons are reconstructed using tracks that have enough SVD
hits: i.e. both z and r-φ hits in at least one SVD layer and at least one additional layer
with a z hit, where the r-φ plane is perpendicular to the z (beams) axis. Each vertex
position is required to be consistent with the IP profile, which is determined run-by-run and
smeared in the r-φ plane by 21 µm to account for the B meson decay length. With these
requirements, we are able to determine a vertex even in the case where only one track has
enough associated SVD hits. The vertex position for the B0 → J/ψ π0 decay is reconstructed
using lepton tracks from the J/ψ. The algorithm for the ftag vertex reconstruction is chosen
to minimize the effect of long-lived particles, secondary vertices from charmed hadrons and a
small fraction of poorly reconstructed tracks [13]. From all the charged tracks with associated
SVD hits except those used for B0 → J/ψ π0 reconstruction, we select tracks with a position
error in the z direction of less than 500 µm, and with an impact parameter with respect
to the J/ψ vertex of less than 500 µm. Track pairs with opposite charges are removed if
they have an invariant mass within ±15 MeV/c2 of the nominal KS mass. If the reduced χ2
associated with the ftag vertex exceeds 20, the track making the largest χ
2 contribution is
removed and the vertex is refitted. This procedure is repeated until an acceptable reduced
χ2 is obtained. After flavor tagging and vertex reconstruction, we obtain 91 B0 → J/ψ π0
candidates.
THE UNBINNED MAXIMUM LIKELIHOOD FIT
We determine SJ/ψpi0 and AJ/ψpi0 for each mode by performing an unbinned maximum-
likelihood fit to the observed ∆t distribution. The probability density function (PDF)
expected for the signal distribution is given by
Psig(∆t, q, wl,∆wl)
=
e−|∆t|/τB0
4τB0
{
1− q∆wl + q(1− 2wl) ·
[
SfJ/ψpi0 sin(∆md∆t) +AfJ/ψpi0 cos(∆md∆t)
]}
(3)
to account for the effect of incorrect flavor assignment. The distribution is convolved with the
proper-time interval resolution function Rsig(∆t), which takes into account the finite vertex
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resolution. Rsig(∆t) is formed by convolving four components: the detector resolutions for
zCP and ztag, the shift in the ztag vertex position due to secondary tracks originating from
charmed particle decays, and the kinematic approximation that the B mesons are at rest
in the cms [13]. A small component of broad outliers in the ∆z distribution, caused by
mis-reconstruction, is represented by a Gaussian function Pol(∆t). We determine twelve
resolution parameters and the neutral- and charged-B lifetimes simultaneously from a fit to
the ∆t distributions of hadronic B decays and obtain an average ∆t resolution of ∼ 1.43 ps
(rms). We determine the following likelihood value for each event:
Pi(∆ti;SJ/ψpi0 ,AJ/ψpi0)
= (1− fol)
∫ ∞
−∞
[
fsigPsig(∆t′, q, wl,∆wl)Rsig(∆ti −∆t′)
+f
J/ψX
bkg PJ/ψXbkg (∆t′)RJ/ψXbkg (∆ti −∆t′)
+ (1− fsig − fJ/ψXbkg )Pcombbkg (∆t′)Rcombbkg (∆ti −∆t′)
]
d(∆t′) + folPol(∆ti) (4)
where fol is the outlier fraction and fsig is the signal probability calculated as a function of
∆E and Mbc. PJ/ψXbkg (∆t) and Pcombbkg (∆t) are the PDFs for B → J/ψX and combinatorial
background events, respectively. These contributions dilute the significance of CP violation
in Eq. (1). They are modeled as a sum of exponential and prompt components, and are
convolved with the corresponding resolution functions R
J/ψX
bkg and R
comb
bkg , respectively. The
resolution functions are modeled by a sum of two Gaussians. All parameters in PJ/ψXbkg (∆t)
and R
J/ψX
bkg are determined from MC simulation, while the parameters in Pcombbkg (∆t) and
Rcombbkg are determined by a fit to the ∆t distribution of a background-enhanced control
sample; i.e. events away from the ∆E-Mbc signal region. We fix τB0 and ∆md at their
world-average values [14]. The only free parameters in the final fit are SJ/ψpi0 and AJ/ψpi0 ,
which are determined by maximizing the likelihood function
L =∏
i
Pi(∆ti;SJ/ψpi0 ,AJ/ψpi0) (5)
where the product is over all events.
FIT RESULTS
A fit to the candidate events results in the CP -violation parameters;
SJ/ψpi0 = −0.72± 0.42(stat)± 0.08(syst)
AJ/ψpi0 = −0.01± 0.29(stat)± 0.07(syst), (6)
where the sources of systematic error are given below. Figure 2 shows the ∆t distributions for
B¯0 → J/ψ π0 (upper figure:q = +1) and B0 → J/ψ π0 (lower figure:q = −1) event samples.
Figure 3 shows the raw asymmetry in each ∆t bin without background subtraction, which
is defined by
A ≡ Nq=+1 −Nq=−1
Nq=+1 +Nq=−1
(7)
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FIG. 2: The ∆t distributions for B¯0 → J/ψ pi0 (upper:q = +1) and B0 → J/ψ pi0 (lower:q = −1)
candidates. The solid curves show the results of the global fits, and dashed curves show the
background distributions.
where Nq=+1(Nq=−1) is the number of observed candidates with q = +1(−1). The
curve shows the result of unbinned-maximum likelihood fit to the ∆t distribution,
SJ/ψpi0 sin(∆md∆t) +AJ/ψpi0 cos(∆md∆t).
SYSTEMATIC UNCERTAINTIES
We estimate systematic uncertainties as follows; the flavor tagging (±0.025 for SJ/ψpi0
and ±0.014 for AJ/ψpi0), the signal probability (±0.023 for SJ/ψpi0 and ±0.016 for AJ/ψpi0),
the background ∆t distribution (±0.014 for SJ/ψpi0 and ±0.0065 for AJ/ψpi0), the resolution
function (±0.010 for SJ/ψpi0 and ±0.0061 for AJ/ψpi0), the potential fit bias (±0.043 for
SJ/ψpi0 and ±0.059 for AJ/ψpi0), the vertex reconstruction (±0.062 for SJ/ψpi0 and ±0.018 for
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FIG. 3: The ∆t asymmetry. The curve shows the result of the unbinned-maximum likelihood fit.
AJ/ψpi0), and B meson’s lifetime and mixing parameter (±0.0019 for SJ/ψpi0 and ±0.0071 for
AJ/ψpi0). The quadratic sum of all the contribution mentioned above amounts ±0.0845 for
SJ/ψpi0 and ±0.0662 for AJ/ψpi0 .
SUMMARY AND CONCLUSIONS
We have performed a measurement of CP -violation parameters in B0 → J/ψ π0 de-
cay. The resultant values are SJ/ψpi0 = −0.72 ± 0.42(stat) ± 0.08(syst) and AJ/ψpi0 =
−0.01 ± 0.29(stat) ± 0.07(syst). These values are consistent with those obtained for
B0 → J/ψ KS and other decays governed by b → cc¯s transition and suggest that pen-
guin and other contributions to this decay mode are not large.
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